Aims/hypothesis Transplantation of pancreatic islets constitutes a promising alternative treatment for type 1 diabetes. However, it is limited by the shortage of organ donors. Previous results from our laboratory have demonstrated beneficial effects of recombinant human prolactin (rhPRL) treatment on beta cell cultures. We therefore investigated the role of rhPRL action in human beta cell survival, focusing on the molecular mechanisms involved in this process. Methods Human pancreatic islets were isolated using an automated method. Islet cultures were pre-treated in the absence or presence of rhPRL and then subjected to serum starvation or cytokine treatment. Beta cells were labelled with Newport green and apoptosis was evaluated using flow cytometry analysis. Levels of BCL2 gene family members were studied by quantitative RT-PCR and western blot. Caspase-8, -9 and -3 activity, as well as nitric oxide production, were evaluated by fluorimetric assays.
Introduction
Type 1 diabetes is an insulin-deficient condition resulting from the autoimmune destruction of pancreatic beta cells. Since the introduction of the Edmonton Protocol [1] , pancreatic islet transplantation has become an attractive treatment for hyperlabile type 1 diabetic patients. However, Electronic supplementary material The online version of this article (doi:10.1007/s00125-011-2102-z) contains supplementary material, which is available to authorised users. this approach is severely limited by the shortage of organ donors. Ex vivo islet cell culture prior to transplantation appears to be a rational approach; however, long-term maintenance of human islets in culture has proven difficult, as beta cells are particularly susceptible to stress and insults during the isolation process. These situations adversely affect beta cells by impairing their function and ultimately causing apoptosis [2] . Two highly conserved protein families are involved in this cell death process, namely the B cell CLL/lymphoma 2 (BCL2) family, which controls mitochondrial integrity [3] , and the cysteinyl-aspartatespecific proteases or caspases, which mediate the execution phase of apoptosis [3] . Caspases can be further subdivided into initiator (caspase-2, -8, -9, -10) and executioner (caspase-3, -6, -7) caspases [4] .
In mammalian cells, caspases are activated by the intrinsic or extrinsic apoptotic pathways. The intrinsic pathway is activated by several stimuli, such as DNA damage and cytotoxic insults, acting through the mitochondria, which are controlled by the balance between the antiapoptotic BCL2 and B cell CLL/lymphoma x long proteins and the pro-apoptotic BCL2-associated X protein (BAX) or BCL2 homologous antagonist/killer proteins [3] . Indeed, increased levels of the pro-apoptotic proteins lead to the release of cytochrome c from the mitochondria, with subsequent activation of caspase-9, which in turn activates caspase-3, a key effector component of apoptotic cell death [5] .
The extrinsic pathway of apoptosis is induced upon stimulation of death receptors belonging to the TNF receptor (TNFR) family, such as TNFR, Fas and TNFrelated apoptosis-inducing ligand receptor. Signalling through these receptors induces formation of a deathinducing signalling complex, which recruits the initiator caspase-8 [6] . Activation of this caspase leads to activation of the downstream executioner caspases [7] .
To improve the clinical outcome of islet transplantation, optimal cell culture conditions should provide sufficient oxygen and nutrients to avoid the cell loss derived from damage related to islet isolation.
Lactogen hormones, prolactin and placental lactogen, play an important role in the upregulation of islet cell function during gestation [8] , leading to increased beta cell proliferation, islet cell mass and both insulin synthesis and secretion, as well as to a decreased threshold for glucosestimulated insulin secretion [8] [9] [10] [11] [12] .
Previous results from our laboratory have demonstrated a significant beneficial effect of recombinant human prolactin (rhPRL) treatment on cell proliferation and on the secretory function of human islet primary cultures, as well as on activation of the main proteins in the prolactin signalling pathway [13] . Several other studies have demonstrated cytoprotective effects of prolactin on insulinproducing cell lines and rodent islets treated with streptozotocin, glucocorticoids or cytokines, all of which lead to beta cell apoptosis [14] [15] [16] . It has also been recently shown that prolactin treatment of human islets improved engraftment and function of the transplanted cells by increasing revascularisation and beta cell survival [2, 17] . However, the mechanisms involved in the cytoprotective effects of prolactin on beta cells have only been addressed in animal models [15, 18] . Thus to probe into the molecular mechanisms involved in prolactin-induced human beta cell survival, we sought to identify the molecular targets of prolactin action.
These results may contribute to the molecular basis that supports use of prolactin supplementation in the culture medium as a beneficial strategy for minimising beta cell loss during pre-transplant, consequently making human islet transplantation more successful.
Methods
Islets isolation and culture Human pancreases from adult brain-dead donors (mean age 45±3 years, n=11) were removed in accordance with Brazilian regulations and the local institutional ethics committee. For characterisation of human islet donors, see electronic supplementary material (ESM) Table 1 . Pancreatic islets were isolated after ductal distension of the pancreas and digestion of the tissue with collagenase (NB1 Premium Grade and Neutral Protease NB; Serva Electrophoresis, Heidelberg, Germany) according to the automated method of Ricordi et al. [19] with modifications [1] . Islet purification was achieved using a continuous Ficoll density gradient in a cell processor (COBE 2991; Gambro, Lakewood, CO, USA). The islet preparations used in this study exhibited a viability greater than 80% and 78±4% purity as determined by Newport green staining (insulin-positive cells). Upon isolation, the islets (2×10 4 islet equivalents per 100 cm 2 ) were first maintained for 24 to 48 h in CMRL 1066 medium (5.6 mmol/l glucose) (MediatechCellgro, Miami, FL, USA) supplemented with 100 units/ml penicillin and 5% (vol./vol.) FCS (Cultilab, Campinas, Brazil). Before starting the incubation with rhPRL, cells were serum-starved for 24 h in CMRL 1066 medium supplemented with 0.1% (vol./vol.) FCS. On the following day, the cells were pre-treated for 30 min with rhPRL (200 ng/ml) produced in our laboratory using an insect expression system [20, 21] and then incubated for 24 or 48 h with CMRL supplemented with 0.5% vol./vol. FCS in the presence or absence of a cytokine cocktail (IL-1β, 0.4 ng/ml; TNFα, 4 ng/ml; IFN-γ, 2 ng/ml) (Peprotech, Mexico DF, Mexico) and either vehicle or rhPRL (300 ng/ml). The janus kinase 2 (JAK2) pathway was blocked by pre-incubating the cells for 1 h with 10 μmol/l of the specific pharmacological inhibitor AG490 (Tocris, Ellisville, MO, USA). For further information, see ESM Methods (Islet isolation and culture).
Cell death analysis by flow cytometry Following cell treatment for 24 or 48 h, approximately 1×10 6 cells from primary cultures of human islets were collected using 0.025% (wt/vol.) trypsin solution (Invitrogen, Paisley, UK) for 5 min at 37°C, pelleted, washed in ice-cold PBS and centrifuged at 1,000 g for 3 min [22] .
Beta cell apoptosis was assessed with propidium iodide (Sigma-Aldrich, St Louis, MO, USA) and Newport Green DCF acetoxymethyl ester (Molecular Probes, Eugene, OR, USA) costaining. Relative beta cell death was calculated by evaluating the subdiploid propidium iodide fluorescence of histogram peaks below the G0/G1 peak (live cells) in a previously gated population of cells positive for Newport green (50,000 cells were counted in each experiment, with three or more experiments performed in duplicate with each islet preparation).
To evaluate the percentage of early apoptosis and necrosis events, phosphatidylserine exposure vs cell permeability was analysed by flow cytometry through simultaneous staining of cells with FITC-annexin V (ICB, São Paulo, Brazil) and propidium iodide. For this purpose, 50,000 cells were counted in each independent experiment (n≥3) performed in duplicate for each islet preparation (see ESM Methods [Cell death analysis by flow cytometry]) Total cell death was quantified as the sum of propidium iodide-positive and annexin V-positive cells.
All the flow cytometry analyses were performed in a flow cytometer (FACS-Calibur) (BD, San Jose, CA, USA) using software package (CellQuest; BD).
Caspase-3 activity assays Approximately 1×10
6 islet cells were collected, resuspended in lysis buffer (10 mmol/l HEPES, 50 mmol/l NaCl, 2 mmol/l EDTA, 5 mmol/l dithiothreitol, 0.1% [wt/vol.] 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate, 1 mmol/l phenylmethylsulphonyl fluoride and 10% [wt/vol.] sucrose, pH 7.4) and stored at −80°C. The lysate was then subjected to four freeze-thaw cycles before centrifugation for 10 min at 10,000 g. Protein concentrations were determined in the supernatant fractions using the Bradford colorimetric assay (BioRad, Hercules, CA, USA). Assays were performed using specific substrates in the presence or the absence of 1 μmol/l ZVAD-CHO pancaspase inhibitor (Calbiochem, La Jolla, CA, USA) as a control for broad-specificity caspase activity (see ESM Methods [Caspase-3 activity assays] for further details). Relative caspase activity was determined by comparing the activity observed at each time point with the values of a standard curve constructed with several recombinant caspase-3 activities (units/mg of total protein; Calbiochem; n≥3 independent experiments performed in triplicate for each islet preparation).
Caspase-8 and caspase-9 activity assays Approximately 1×10 6 islet cells were collected and caspase activity was measured through a fluorimetric assay using specific substrates (BioVision Research Products, Mountain View, CA, USA; see ESM Methods [Caspase-8 and -9 activity assays]). Fold increases in caspase-8 and caspase-9 activities were determined by comparing the results with the level of controls (n≥3 independent experiments performed in triplicate for each islet preparation).
Nitric oxide determination Conditioned medium from human islets primary cultures containing 1×10 6 islet cells was collected and maintained at −20°C until nitric oxide determination. Total nitrite/nitrate was measured using a two-step process kit following manufacturer's instructions (BioVision) (details, ESM Methods [Nitric oxide determination]). Fold increase in nitric oxide content was determined by comparing these results with the level of controls (n≥3 independent experiments performed in triplicate for each islet preparation).
Quantitative real-time RT-PCR Cells were collected and total RNA was prepared as previously published [23] , with minor modifications. cDNA was generated from the RNA samples using SuperScript (Invitrogen, Carlsbad, CA, USA). The primers used for gene amplification by quantitative PCR experiments were designed with Primer Express 3.0 Software (Applied Biosystems, Foster City, CA, USA) connected to a real-time PCR-system thermocycler (Applied Biosystems). PCR reactions were quantified using a dye reagent (SYBR Green; Applied Biosystems) [24] . All quantitative RT-PCR reactions were performed in triplicate (n=4 independent experiments).The relative expression of a target gene was determined in comparison to a reference gene [25] . The list of primer sequences as well as more details on calculations performed are included in ESM Methods (Quantitative real-time RT-PCR) and ESM Table 2 .
Western blots Total extracts were prepared from primary cultures of pancreatic islets subjected to the treatments described above (Isolation and culture of islets). Equal amounts (100 μg) of proteins from each extract were solubilised in sample buffer (60 mmol/l Tris-HCl [pH 6.8], 2% [wt/vol.] SDS, 10% [vol./vol.] glycerol, 0.01% [wt/vol.] bromophenol blue) and subjected to SDS-PAGE (7.5% or 12%). Proteins were transferred to nitrocellulose membranes, which were previously blocked and then incubated with the following antibodies: rabbit polyclonal anti-BAX (2772), rabbit polyclonal anti-BCL2 (2876), rabbit polyclonal anti-p38 (9212) and mouse monoclonal antiphospho-p38 (9216) (all from Cell Signaling Technology, Danvers, MA, USA). The membranes were then incubated with horseradish peroxidase-conjugated secondary antibody (Vector Laboratories, Burlingame, CA, USA). Enhanced chemiluminescence was performed according to the manufacturer's instructions (Amersham Biosciences, Little Chalfont, UK). As a loading control, the membranes were stripped and re-probed with mouse monoclonal anti-tubulin antibody (SC-5274; Santa Cruz Biotechnology, Santa Cruz, CA, USA). Quantitative densitometry was carried out using a scanner (Scanjet 3500; Hewlett Packard, São Paulo, Brazil) and Image Quant 5.2 software (Molecular Dynamics, Amersham Biosciences, Little Chalfont, UK). The volume density of the chemiluminescent bands was calculated as integrated optical density×mm 2 after background correction.
Statistical analysis All the results were analysed for Gaussian distribution and passed the normality test. The statistical differences between group means were tested by unpaired two-tailed Student's t test with the Welch's correction for different variances if necessary. A value of p<0.05 was considered statistically significant.
Results rhPRL protects human primary beta cell cultures from serum starvation and cytokine-induced cell death We have previously reported the beneficial effects of rhPRL on primary cultures of human islets that lead to increasing beta cell proliferation and insulin secretion in vitro [13] .
In the present study, we explored the role of rhPRL in human beta cell survival. To directly demonstrate the prosurvival effect of lactogens and identify the mechanisms involved in this process, we first studied the proportion of fragmented beta cell nuclei in human islet primary cultures. To this end, primary cultures of human islets were serum-starved with 0.1% FCS for 24 h. Then the cells were pre-treated with either rhPRL (200 ng/ml) or vehicle for 30 min and treated for 24 or 48 h in the presence or absence of a cytokine cocktail (IL-1β, IFNγ and TNFα). The reasoning behind this approach was that it has already been reported that serum deprivation and cytokine treatment induce cell death mainly by apoptosis in beta cells [26] [27] [28] . It is important to note that, during the 24 or 48 h treatment, the cells were maintained in the presence of 0.1% FCS. Using flow cytometry, we first analysed the proportion of simultaneous hypodiploid beta cells. As shown in Fig. 1a , rhPRL-treated cells displayed a significantly lower (p<0.05) proportion of fragmented beta cell nuclei under serum-deprivation and under cytokine treatment conditions, when compared with control cells at both time points tested (Fig. 1a, ESM Results) . Moreover, when we studied the early events of apoptosis by annexin V staining, we observed that upon rhPRL treatment the cells presented a decreased rate of phosphatidylserine externalisation under both cell death-inducing conditions, when compared with control cells (p<0.05; Fig. 1b, ESM Results) .
We have previously demonstrated that prolactin treatment does not affect the glucose-induced insulin secretion response when compared with serum-starved cells. Nevertheless, rhPRL was able to induce basal insulin secretion as previously reported [13] .
Altogether these results indicate that prolactin is able to protect human beta cells from at least two distinct apoptosis-inducing conditions. rhPRL inhibits caspase activity, but does not interfere with nitric oxide production To achieve a deeper understanding of the molecular mechanisms underlying the cytoprotective effects of rhPRL on human beta cells, we further examined the effect of lactogens on the activity of caspase-8 and caspase-9, which are involved in the extrinsic and intrinsic apoptosis pathways respectively. In addition, activity of caspase-3, a central player in both apoptosis-induced pathways, was also assessed. As shown in Fig. 2a-c , prolactin treatment significantly reduced all caspase activities measured (p<0.05). When compared with control cells, rhPRL significantly reduced caspase-3 activity under both cell death-inducing conditions (serum starvation rhPRL+vehicle 37 ± 4% [mean ± SEM] of vehicle; cytokine treatment rhPRL+vehicle 16±2% of vehicle). It is important to note that rhPRL treatment exerted a greater degree of caspase-9 inhibition (serum starvation rhPRL+vehicle 50±8% of vehicle; cytokine treatment with rhPRL+vehicle 40±9%, with AG490+vehicle 81±3%, with AG490+rhPRL+vehicle 88± 2% of vehicle, respectively) than that obtained for caspase-8 activity (serum starvation rhPRL+vehicle 80±8% of vehicle; cytokine treatment with rhPRL+vehicle 70 ±2%, with AG490+ vehicle 97± 2%, with AG490+ rhPRL+vehicle 103±3% of vehicle, respectively). Moreover, the classical prolactin signalling pathway was directly involved in this phenomenon, since blockage of JAK2 activation by the specific pharmacological inhibitor AG490 abolished the cytoprotective effects obtained upon hormonal treatment. Together these results show that rhPRL lowered human beta cell apoptosis via inhibition of caspase-8, -9 and -3. Furthermore, an intact lactogen signalling pathway is required to mediate this phenomenon.
Since the cytotoxic effects of the cytokines cocktail could also be exerted by an increase in nitric oxide production, we measured the levels of this toxic compound in the conditioned medium of our primary cultures. Although the cells produced more nitric oxide in the presence of the cytokines than under serum starvation alone, no alteration in this profile was observed upon rhPRL treatment (Fig. 2d) . Therefore, inhibition of nitric Results are means±SEM; n=4 independent experiments; *p<0.05 for difference compared with control situation which was set at 1 oxide production does not seem to be part of the antiapoptotic effect of rhPRL.
Prolactin alters the balance between anti-apoptotic and pro-apoptotic proteins of the BCL2 family As it has already been reported that the effect of human growth hormone on cytokine-induced apoptosis of murine beta cells involved changes in the balance between pro-apoptotic and antiapoptotic proteins of the BCL2 family [15, 18] , in addition to the greater decrease in caspase-9 activity observed under our cell culture conditions, we decided to further study the levels of some key molecules of the intrinsic apoptosis pathway. In particular, we focused on the BCL2, BCLXL (also known as BCL2L1) and BAX genes. As shown in Fig. 3 , rhPRL treatment led to increased mRNA ratio between anti-apoptotic and pro-apoptotic genes. Unlike the results previously reported using lactogens in rodent models [18] , the hormonal treatment significantly induced only the BCL2/BAX mRNA ratio (serum starvation rhPRL vs vehicle 2.7±0.2-fold [mean±SEM]; cytokine treatment rhPRL vs vehicle 3.9±0.4-fold; Fig. 3b ), but not the BCLXL/BAX ratio (serum starvation rhPRL vs vehicle 1.9±0.4-fold; cytokine treatment rhPRL vs vehicle 1.4± 0.2-fold; Fig. 3a ) in primary cultures of human islets under either serum deprivation or cytokine-induced apoptosis. These results were also confirmed by immunoblotting analysis with a similar trend in the protein levels to that obtained for the mRNA (Fig. 4) . Indeed, while BCL2 protein levels increased to a similar extent by rhPRL under both cell death conditions (serum starvation rhPRL vs vehicle 4.1±0.5-fold; cytokine treatment rhPRL vs vehicle 3.8±0.7-fold; Fig. 4a ), the levels for BAX were significantly reduced by the hormonal treatment only in cytokine-treated cells (serum starvation rhPRL vs vehicle 0.75±0.02-fold of vehicle; cytokine treatment rhPRL vs vehicle 0.03±0.005-fold of vehicle; Fig. 4b ). These results could be due to the greater BCL2/BAX mRNA ratio observed upon prolactin treatment under the cytokine-induced apoptosis condition. Fig. 2 rhPRL inhibits caspase activity, but does not interfere with nitric oxide production upon serum starvation and cytokine-induced apoptosis. Cells were subjected to serum starvation (a, c, e, g) or treated with a combination of cytokines (b, d, f, h) in the presence or absence of rhPRL (200 ng/ml). After 48 h treatment, cells were collected and lysed in an apropriate buffer. (a, b) Caspase-3, (c, d) caspase-9 and (e, f) caspase-8 activities were measured by a fluorimetric assay using a specific substrate and data normalised relative to total protein content. (g, h) Nitric oxide (NO) production was measured on the supernatant fraction of cells maintained in the above conditions using a fluorimetric assay, with data normalised relative to total protein content. Results are mean±SEM; n≥3 independent experiments; *p<0.05 for difference compared with control situation, which was set at 1
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Discussion
The main goal in diabetes treatment is to enhance pancreatic beta cell function, proliferation and survival. A significant correlation between beta cell mass and successful islet transplantation has been well established [29] . Since beta cells are particularly susceptible to the stress conditions during the isolation process, beta cell-specific cytoprotection could help development of novel and efficient strategies to increase islet suitability for transplantation.
We have previously shown the beneficial effect of prolactin on human beta cell function and proliferation [13] . In the present study, we focused on the role of this lactogenic hormone in beta cell survival. It is widely accepted that apoptosis is the most important and final step in the progression of beta cell death [30, 31] . Therefore we induced programmed beta cell death by two different approaches: serum starvation [27, 32] and cytokine treatment [33, 34] . We then evaluated the key features of some of the main pathways of beta cell apoptosis. We were able not only to validate the beta cell-specific cytoprotective properties of rhPRL for primary human beta cell cultures as reported by Yamamoto et al. [2] , but also to demonstrate for the first time in human cells that this effect may involve, at least in part, increased levels of the anti-apoptotic protein BCL2, as well as inhibition of the initiator caspases, caspase-8 and -9, and the executioner caspase, caspase-3. Our results are in agreement with those of Emamaullee et al. [35] , which showed that prevention of apoptosis by a pan-caspase inhibitor significantly improved human islet graft function and longevity in a mouse model of diabetes.
Prolactin and placental lactogen, acting through a common prolactin receptor, activate several downstream signalling pathways, including JAK2/signal transducer and activator of transcription 5 (STAT5), phosphatidylinositol 3-kinase/Akt, extracellular signal-regulated kinases 1 and 2, protein kinase/intracellular calcium and adenyl cyclase/cAMP/p38 [36, 37] . However, it is not known which of these pathways mediates the protective effect of prolactin on human beta cells. Interestingly, recent reports linking p38 regulation with INS-1 cell survival [38] induced us to investigate the kinetics of p38 activation upon prolactin treatment. We have initial results, showing that hormonal treatment induced rapid transient p38 phosphorylation starting at 10 min and peaking at 30 min, to return to basal levels after 2 h (Fig. 2 ESM Results) . We are currently performing more experiments in order to establish whether this transient activation is also related to prolactin-induced human beta cell survival.
Previous reports have shown that lactogens exert their pro-survival effect through the JAK2/STAT5 pathway both in a rat insulinoma cell line and in primary rat beta cells [18] . Accordingly, results from our laboratory, using the JAK2-specific inhibitor AG490 [39, 40] , also indicated that this pathway is responsible for rhPRL-induced inhibition of caspase-9 and caspase-8. Previous results from other laboratories [15] have also observed an increase in Bclxl (also known as Bcl2l1)/Bax mRNA ratio upon growth hormone treatment of INS-1 cells as well as primary cultures of rat beta cells. Moreover, using Bclxl-specific small interfering RNA, it was demonstrated that lactogeninduced upregulation of Bclxl is necessary to mediate its protective effect on INS-1 cells against dexamethasoneinduced cell death [18] . Additionally, the overexpression of BCL2 in human pancreatic islets was shown to protect beta cells from cytokine-induced cell death [41] . In the present study we have shown that rhPRL, unlike findings using rat cells, induced a significant BCL2/BAX ratio increase in mRNA and protein levels in primary cultures of human islets. Importantly, in the case of cytokine-induced apoptosis, this increase was due not only to BCL2 upregulation, but also to decreased protein levels of BAX upon rhPRL treatment. Since permeabilisation of the mitochondrial membrane and the consequent release of cytochrome c are tightly regulated by BCL2 family members [42, 43] , our results may explain the greater inhibition of caspase-3 activity that has been detected upon prolactin treatment under cytokine-induced apoptosis. Moreover, previous reports have shown that the BCL2 protein family members target the voltage-dependent anion channel (VDAC) mitochondrial channel to regulate apoptosis-associated mitochondrial changes, which are central in determining cell survival or death [44] . In fact, it appears that the antiapoptotic members of the BCL2 family interact with VDAC channel by closing it and thus inhibiting the release of cytochrome c and subsequent activation of the apoptosome (complex of caspase-9-cytochrome c and apoptotic peptidase activating factor 1 [Apaf-1]) [44] . Related to this phenomenon, we have previously reported an increase in the acidic (closed) form of VDAC upon rhPRL treatment of human beta cells [45] . These results, together with the rhPRL-induced upregulation of BCL2 protein levels described here, could cause lower levels of cytoplasmic cytochrome c and consequently the lesser extent of caspase-9 activation detected upon hormonal treatment under both cell-death-inducing situations.
Cytokines (particularly IL-1β) induce inducible Inos (also known as Nos2) expression and thus the production of nitric oxide in rat beta cells [46, 47] . Nitric oxide impairs beta cell function and may lead to cell death by causing DNA damage and inhibition of aconitase in the citric acid cycle, resulting in impaired oxidative phosphorylation. However, the role of nitric oxide in cytokine-induced beta cell apoptosis is rather controversial. A partial reduction in nitric oxide production was found when INS-1 cells were co-treated with growth hormone in addition to TNFα and IFNγ, therefore suggesting that the protective effect of growth hormone was partly explained by the inhibition of nitric oxide production [48] . However, Jensen et al., using the same cells, showed no correlation between nitric oxide production and beta cell death, suggesting that growth hormone and prolactin may protect beta cells at a point beyond the level of nitric oxide production, thus indicating that STAT5 may protect against nitric oxide-induced beta cell death [15] . Our results are in agreement with the latter, since we did not observe any effect on nitric oxide production levels in human islets upon prolactin treatment when compared with the control situation. It should be noted that we have already reported that mitochondrial aconitase level was upregulated in primary cultures of human islets upon prolactin treatment, suggesting that rhPRL may restore the oxidative phosphorylation impaired by nitric oxide [45] . Moreover, it has recently been demonstrated that addition of rhPRL to human islet cultures conferred a cytoprotective effect to cells treated in the presence of S-nitroso-N-acetyl-DL-penicillamine, a synthetic nitric oxide donor [2] . Altogether, these results indicate that prolactin is able to improve beta cell survival by several cell death pathways.
However, the importance of other apoptosis-inducing mechanisms, such as endoplasmic reticulum stress, has also been recently implicated in beta cell death [49, 50] . Even though no direct reports of prolactin as an inhibitor of endoplasmic reticulum stress in beta cells are currently available, we have shown that rhPRL treatment increased the levels of three proteins involved in chaperone function and/or protein folding, namely: serpin H2, heat shock protein 27 and glucose-regulated protein [45] . Altogether these results suggest that rhPRL-induced production of these proteins could also be associated with cell survival, by interfering with endoplasmic reticulum stress.
In conclusion, the present study demonstrates that lactogens protect human beta cells from two distinct beta cell death inducers, corroborating previous reports. Our results complement and extend previous knowledge on the molecular mechanisms involved in prolactininduced apoptosis inhibition, being the first direct demonstration that lactogens mediate their protective effects in human beta cells through the increase in BCL2/BAX ratio and the inhibition of key caspases of the extrinsic and intrinsic pathways leading to apoptosis, such as caspase-8, -9 and -3.
Overall, the unique cytoprotective properties of prolactin in specifically targeting beta cells may contribute to preservation of viable beta cells during pre-transplant culture, thus improving the clinical outcome of islet transplantation.
